We study the Makran subduction zone, along the southern coasts of Iran and Pakistan, to gain insights into the kinematics and dynamics of accretionary prism deformation. By combining techniques from seismology, geodesy and geomorphology, we are able to put constraints on the shape of the subduction interface and the style of strain across the prism. We also address the long-standing tectonic problem of how the right-lateral shear taken up by strike-slip faulting in the Sistan Suture Zone in eastern Iran is accommodated at the zone's southern end. We find that the subduction interface in the western Makran may be locked, accumulating elastic strain, and move in megathrust earthquakes. Such earthquakes, and associated tsunamis, present a significant hazard to populations around the Arabian Sea. The time-dependent strain within the accretionary prism, resulting from the megathrust earthquake cycle, may play an important role in the deformation of the Makran region. By considering the kinematics of the 2013 Balochistan and Minab earthquakes, we infer that the local gravitational and far-field compressive forces in the Makran accretionary prism are in balance. This force balance allows us to calculate the mean shear stress and effective coefficient of friction on the Makran megathrust, which we find to be 5-35 MPa and 0.01-0.03, respectively. These values are similar to those found in other subduction zones, showing that the abnormally high sediment thickness in the offshore Makran does not significantly reduce the shear stress on the megathrust.
I N T RO D U C T I O N
The Makran, formed by the subduction of the Arabian plate beneath the southern coasts of Iran and Pakistan, is one of the world's least well documented subduction zones. Logistical constraints have made much of the Makran essentially inaccessible in recent years, curtailing earlier field investigations (e.g. Harrison 1943; Falcon 1974; Harms et al. 1982) . Only a small number of recent field studies have been conducted, looking at the morphology and geology of the region (e.g. Ellouz-Zimmermann et al. 2007; Haghipour et al. 2012) . There is little onshore seismic data, and GPS measurements are sparse. As such, many aspects of the Makran's tectonics remain enigmatic. By combining techniques and results from seismology, geomorphology, GPS and modelling, we are able to gain insights into some of the fundamental questions about this subduction zone.
The seismic hazard posed by the Makran megathrust is one such question (e.g. Musson 2009; Smith et al. 2013) . Subduction megathrusts host many of the world's largest earthquakes, and the hazard associated with such an event on this megathrust is potentially severe. If the earthquake were to cause a tsunami it could threaten densely populated coastal regions in Pakistan and western India (Bilham et al. 2007 ) and the Omani coast, which is undergoing rapid urbanization (Heidarzadeh & Kijko 2011) . A significant part of the subduction interface in the eastern (Pakistani) Makran is locked and can produce large earthquakes. This locking was demonstrated by an M w 8.1 earthquake on 1945 November 27, near Pasni (Ambraseys & Melville 1982;  Fig. 1 ), which caused a small tsunami (Hoffmann et al. 2013) . In contrast, the western (Iranian) Makran shows an almost total absence of shallow thrust earthquakes in both the instrumental and historical periods, with reports of only a single possible megathrust earthquake in 1483 (Ambraseys & Melville 1982 ), Regard et al. 2005) . SSZ is the Sistan Suture Zone and MZP is the Minab-Zendan-Palami fault zone. The white region surrounding the MZP shows the extent of mapped diffuse strike-slip faulting, which includes E-W oriented faults to the east of the MZP (Penney et al. 2015) . The location of the 2013 Minab earthquake is shown by a red circle. The red line outlined in white is the trace of the surface ruptures of the 2013 Balochistan (Pakistan) earthquake on the Hoshab fault (Avouac et al. 2014) . The red outlined region shows the approximate rupture area of the 1945 M w 8.1 earthquake from Byrne et al. (1992) . The white dashed line indicates the bathymetric break in slope at the toe of the accretionary wedge. Yellow stars show the volcanic centres associated with subduction. White triangles show the locations of seismometers, CHBR and TURB, which are used here for receiver-function analysis. The Jaz Murian (JM) and Mashkel depressions are labelled. Mus. is the Musandam Peninsula. Black arrows are GPS velocity vectors relative to Arabia with 95 per cent confidence ellipses. GPS velocities are taken from Vernant et al. (2004) ; Bayer et al. (2006) ; Masson et al. (2007) ; Peyret et al. (2009) ; Walpersdorf et al. (2014) ; Frohling & Szeliga (2016) and this paper. For stations with multiple reported velocities (BAZM, CHAB, JASK) we use a mean velocity; since the velocities reported by different authors are very similar, mostly within error of each other, this does not affect our results. Those GPS stations shown with white squares are used to model locking of the subduction interface in the western Makran (Section 3).
for which the source region is poorly constrained (Musson 2009 ). However, Ambraseys & Melville (1982) also note that the sparse population of the Makran throughout the historical period means that earthquakes in the region may not have been documented. A microseismic study using ocean bottom seismometers found no microseismicity in the western Makran (Niazi et al. 1980) . This has led to suggestions that the megathrust in the western Makran may be sliding continuously, rather than accumulating elastic strain (Byrne et al. 1992) . However, the distribution of large boulders along the Omani coast, thought to have been emplaced by tsunamis (Hoffmann et al. 2015) , suggests that the megathrust in the western Makran may move in infrequent large earthquakes. A series of terraces along the Makran coast (Page et al. 1979) could have resulted from uplift in earthquakes, but could also be due to aseismic underplating and uplift (Platt et al. 1985) . Whether the western Makran is locked and able to generate large earthquakes therefore remains an open question.
The mean dip of the subduction interface in the Makran is another open question. Geodetic data have been used to assess the degree of elastic strain accumulation in many other subduction zones, but this procedure requires a model for the shape and location of the subduction interface. Early results from seismic reflection surveys gave the dip of the oceanic plate Moho as less than 2
• at ∼62.5
• E (White & Louden 1982) . Subsequent studies have revised this estimate to ∼3
• in the same area, based on controlled-source seismic imaging of the sediment-basement interface (Kopp et al. 2000; Smith et al. 2012) , which is thought to approximately coincide with the subduction interface (e.g. Kopp et al. 2000) . A shallow dipping subduction interface in the western Makran has been proposed as an explanation for the small number of earthquakes in the region (Dykstra & Birnie 1979; Niazi et al. 1980) . However, the curvature of subducting slabs makes the dip of the subduction interface near the toe of the wedge unrepresentative of the mean dip, and Maggi et al. (2000) proposed a 'true dip' of 26
• at latitudes north of 27
• N, based on earthquake depths. Byrne et al. (1992) suggested that the dip of the subducting slab in the western Makran is likely to be steeper than in the east due to the smaller prism width and more southerly location of the volcanic arc in the west (Fig. 1) . Frohling & Szeliga (2016) recently modelled GPS velocities in the region and concluded that the Makran megathrust is locked to a depth of at least 38 km. However, there are significant uncertainties in their proposed interface geometry, making it important to revisit this issue. We first present a compilation of earthquakes in the region, which we use to improve the constraints on the shape and location of the subduction interface (Section 2). This allows us to address the question of whether elastic strain accumulation in the western Makran is consistent with the available GPS data (Section 3). Whether or not the plate interface in the western Makran is accumulating elastic strain has implications for another unresolved question in the region; how right-lateral shear across the Sistan Suture Zone (SSZ) is accommodated at the southern end of the mapped strike-slip faults. The SSZ, to the north of the Makran (Fig. 1) , is an abandoned accretionary prism formed by the closure of a branch of the Neo-Tethys at 65-90 Ma (Tirrul et al. 1983; Bröcker et al. 2013) . The rocks of the SSZ are now offset right-laterally by a series of NNW-SSE striking strike-slip faults, referred to collectively by Walpersdorf et al. (2014) as the East Lut fault, which have been active in the Plio-Quaternary (Tirrul et al. 1983; . These faults accommodate 5-15 mm yr −1 of differential motion between the Lut Block (in the eastern part of Central Iran) and Afghanistan (Fig. 1) , which moves as part of Eurasia (Vernant et al. 2004; Reilinger et al. 2006; Meyer and Le Dortz 2007; Walpersdorf et al. 2014) . The ∼N-S striking faults are not observed south of ∼27
• N, and no major N-S faults cut the E-W trending structures of the Makran ranges ( Fig. 1 ; Jackson & McKenzie 1984; Walker et al. 2013) , leading to the long-standing tectonic question of how right-lateral motion is accommodated at the SSZ's southern end. We present three possible solutions, discuss their kinematic implications and suggest which is most consistent with the available information (Section 4).
The Makran hosts the world's largest sub-aerial accretionary prism (Fruehn et al. 1997 ; Fig. 1 ). The sediments in this prism are thought to derive from the Proto-Indus fan (Harms et al. 1982) and have been thickened as the Arabian plate has subducted northwards. The extensive (∼200 × 1000 km) onshore part of the prism provides an ideal setting in which to study prism deformation. The offshore part of the accretionary prism, near the Musandam peninsula and the Omani coast, was imaged using seismic reflection and refraction experiments in the 1970s and early 1980s (e.g. White & Klitgord 1976; White & Louden 1982) and the eastern offshore section has been the subject of recent research (e.g. Kukowski et al. 2000; Smith et al. 2012) . Offshore seismic data, and onshore geological studies give a time-integrated picture of the deformation but do not constrain the evolution of the prism through time. Prism evolution is controlled by both the forces acting on the prism, which may be time-dependent, and the prism's response to these forces, which is controlled by the behaviour of faults and folds within the prism and the rheology of the underlying megathrust. In addition to placing constraints on the shape and location of the subduction interface, our earthquake compilation allows us to assess the style of strain across the accretionary prism. By considering the present day style of strain, and the kinematics of the 2013 Balochistan and Minab earthquakes we infer that the prism has reached the maximum elevation which can be supported by the megathrust. We then use this information to estimate the average shear stress and effective coefficient of friction on the megathrust (Section 5).
S H A P E A N D L O C AT I O N O F T H E S U B D U C T I O N I N T E R FA C E
The mean dip of the subduction interface is important for assessing the degree of elastic strain accumulation on the interface (Section 3). To address this question, we present a compilation of well-located earthquakes in the Makran (Section 2.1), and receiver functions from local seismometers (Section 2.2), in order to constrain the range of possible dips of this interface (Section 2.3). Our compilation of earthquakes also allows us to infer the style of strain across the prism (Section 5).
Earthquake compilation
We use teleseismic body-waveform modelling and previously published results (from teleseismic body-waveform modelling, P-wave first motions and global earthquake catalogues) to produce a compilation of earthquakes with well-constrained depths and mechanisms. The criteria for a 'well-constrained' earthquake from each data set are discussed below. A table giving the depths, locations and mechanisms (where available) of well-constrained earthquakes is given in Appendix A. Fig. 2(a) shows earthquakes, m b > 4, from 1945-2013 with published focal mechanisms (including earthquakes for which we consider the depth and/or focal mechanism to be poorly constrained, shown as semi-transparent). Fig. 2(b) shows earthquakes, m b > 4, over the same time period, with well-constrained depths, and, where available, focal mechanisms.
Earthquake depths and mechanisms from teleseismic bodywaveform modelling (McCaffrey & Abers 1988; McCaffrey et al. 1991) are well-constrained, with typical errors of ±10
• in strike, ±5
• in dip, ±10
• in rake and ±4 km in depth (Molnar & Lyon-Caen 1989) . Where available, we use published earthquake depths and mechanisms from this technique (Laane & Chen 1989; Byrne et al. 1992; Baker 1993; Berberian et al. 2000; Maggi et al. 2000; Berberian et al. 2001; Walker 2003; Engdahl et al. 2006; Jackson et al. 2006; Talebian et al. 2006; Nissen et al. 2010 Nissen et al. , 2011 Walker et al. 2013; Barnhart et al. 2014b; Jolivet et al. 2014; Penney et al. 2015) . In addition, we have used teleseismic P and SH bodywaveform modelling to determine the depths and focal mechanisms of seven earthquakes for which solutions have not previously been published . The details of this technique have been discussed extensively elsewhere (e.g. Taymaz 1990; Maggi et al. 2000; Craig et al. 2014 ), and will not be reproduced here. Our solutions from this technique, and a more detailed discussion of the methodology, are presented in Appendix B. In particular, we have included our body-waveform modelling determined depth and focal mechanism for the M w 6.3 2017 February 7 earthquake (Fig. B1) , which occurred near the western Pakistani coast. This earthquake is also included in Figs 2(a) and (b), in the cluster of shallow thrusts near the Pakistani coastline.
For earthquakes which pre-date the widespread use of bodywaveform modelling we use focal mechanisms determined from P-wave first motions by Jackson & McKenzie (1984) ; Jacob & Quittmeyer (1979) and Byrne et al. (1992) . We consider first-motion solutions to be well-constrained if depth phases are used to determine the earthquake depth. Solutions from Chandra (1981 Chandra ( , 1984 are not included in this compilation, as the sparse distribution of polarity data and small size of many of the earthquakes suggests that these solutions may not be reliable (Jackson & McKenzie 1984) .
Where no manually processed solution, either from bodywaveform modelling or first motions, is available, earthquake focal mechanisms are taken from the gCMT catalogue (Dziewonski 4, from 1945-2013 with focal mechanisms reported by gCMT or in the literature (see Section 2.1 for citations) and the M w 6.3 2017 February 7 earthquake, which was a shallow thrust in the cluster near the Pakistani coast. Events for which we consider the depth and/or focal mechanism to be poorly constrained are shown as semi-transparent. Focal mechanisms are coloured by rake, as shown in the key. Blue: thrust earthquakes, red: strike-slip earthquakes and black: normal-faulting earthquakes. Note the spatial separation of mechanisms; shallow thrusts cluster at the coastline and strike-slip events are concentrated at the eastern and western edges of the accretionary prism. (b) Earthquakes, m b > 4, from 1945-2013 with well-constrained depths, as described in Section 2.1. Where well-constrained focal mechanisms are available (from body-waveform modelling, first motions or gCMT solutions with >70 per cent double-couple) these are coloured by depth, as shown in the key. Earthquakes with well-constrained depths but no mechanism are plotted as circles, with the same colour scale. Dashed boxes show the region in which earthquakes are projected on to each of the profiles in Fig. 3 . White triangles show the locations of seismometers, CHBR and TURB. In (a) and (b), B, T and S are the volcanic centres Bazman, Taftan and Sultan. et al. 1981; Ekström et al. 2012) and hypocentral locations from the EHB catalogue (Engdahl et al. 1998), up Engdahl et al. (2006) , and the earthquake locations given in that review are used in preference to the original catalogue. For these earthquakes a well-constrained depth means that the hypocentre was calculated using more than five depth phases and at least 50 stations, with the depth free to change in the inversion. Our results would not change substantially for small variations in these cutoffs, which have been chosen based on the experience of previous authors (e.g. Jackson 1980; Engdahl et al. 1998) . With these constraints, we expect the errors in EHB/ISC locations to be 10-15 km in epicentre and ∼10 km in depth (Engdahl et al. 2006) . We view a catalogue focal mechanism as well-constrained if it has a gCMT solution which is at least 70 per cent double couple, as defined by Jackson et al. (2002) . Earthquakes shown as circles in Fig. 2(b) have well-constrained depths but no reliable focal mechanism. By using only well-constrained earthquake depths we are able to improve the model for the geometry of the subduction interface proposed by Frohling & Szeliga (2016) , which is based on interpolation of the ISC catalogue, without quality control or body-waveform modelled events.
Receiver functions
Further constraints on the location and depth of the subduction interface can be provided by receiver-function analysis. We used data from two broad-band seismometers in the Makran: CHBR located at Chabahar in southern Iran and TURB located at Turbat in southern Pakistan (Fig. 1) , which we use to determine teleseismic P-wave receiver functions (Fig. C1) . We model these receiver functions simultaneously with surface waves to generate shear-wave velocity (Vs) profiles for each site. This joint-inversion technique has been used extensively by other authors (e.g. Julià et al. 2003; Dugda et al. 2007; Priestley et al. 2008) and is described in detail in Julià et al. (2000) . A summary of these methods is provided in Appendix C. The shear-wave velocity profiles beneath both CHBR and TURB (red lines in Figs 3a and b) show a thick, low-wave-speed (∼3 km s −1 ) layer, probably corresponding to the sediments of the accretionary wedge, overlying a high-wavespeed (∼4.1 km s −1 ) basement, which we interpret as the top of the oceanic crust. This velocity increase occurs at 28 ± 2 km at TURB and 26 ± 2 km at CHAB. This increase in velocity is consistent with the location of the subduction interface inferred from earthquake locations (Fig. 3 , see the discussion below). Fig. 3 shows three N-S profiles through the Makran, marked on Fig. 2(b) , plotting only those events with well-constrained depths. These profiles have several important features. First, shallow thrust earthquakes on the subduction interface cluster around 62
Interpretation of subduction interface geometry
• E (Fig. 3b) , just west of the proposed rupture area for the 1945 earthquake (Byrne et al. 1992) . These events may be late-stage aftershocks of the 1945 earthquake, as aftershock sequences have been known to continue for decades or even centuries after the main shock (Ebel et al. 2000) . Taking the fault planes of the shallow thrust earthquakes to be the northward-dipping nodal planes, most have dips of 8
• -10
• with an estimated error of ±5
• . If these earthquakes occurred on the subduction interface, the dips of their nodal planes provide an estimate of the dip of that interface close to the Kopp et al. (2000) , which is collinear with the earthquakes which we interpret as occurring on the subduction interface. The red line shows the shear wave velocity profile at TURB from joint inversion of receiver functions and surface waves. (c) Profile at 64.5 • E. The deepest events in the Makran have been recorded near the location of this profile, providing the main constraints on the shape and location of the subduction interface north of the line of deep normal-faulting earthquakes (Fig. 2, Section 2 ).
coastline. Taking the surface projection of the interface as 24
• N, where we observe a break in the bathymetric slope (white dashed line, Fig. 1 ), a line projected through the locations and depths of these earthquakes give an average subduction-interface dip of 6
• -15
• , consistent with the nodal-plane dips. This line is in very similar to the sediment-basement interface proposed by Kopp et al. (2000; bold line in Fig. 3b) .
Another important feature of the earthquake distribution is a series of normal-faulting earthquakes at depths greater than 50 km. These earthquakes have an ∼ENE-WSW linear distribution in map view (black focal mechanisms in Fig. 2a) , parallel to the strikes of their nodal-planes, and are observed across the longitudinal extent of the subduction zone. The dip of the seismogenic zone, which we infer from the earthquake distribution (dashed line, Fig. 3c ), appears to steepen to the north of this line of earthquakes. We therefore suggest that these normal-faulting earthquakes may represent extension at a hinge in the subducting Arabian plate, as has been suggested in other subduction zones with variable dip (Isacks & Barazangi 1977) .
Volcanic arcs were thought to form approximately above the 100 km contour of subducting slabs (Davis et al. 1983 ) but significant variations have been found (e.g. Syracuse & Abers 2006) , probably due to the dependence of thermal structure on convergence rate, plate dip and age (England & Wilkins 2004 (Biabangard & Moradian 2008; Nicholson et al. 2010; Saadat & Stern 2011) . Earthquakes deeper than the proposed hinge line have only been recorded in the east (with the exception of an isolated deep event in the far west, reported by Maggi et al. 2000) , within the region profiled in Fig. 3(c) , making it difficult to constrain the depth of the subduction interface beneath the arc. However, one of the normal-faulting earthquakes occurred almost directly beneath Bazman volcano, at a depth of 74 km (Jacob & Quittmeyer 1979) . This suggests that the subduction interface is no deeper than ∼80 km under this part of the volcanic arc, allowing for ±5 km possible error in the earthquake depth. For the subduction interface to reach a depth of ∼100 km by the latitudes of Taftan and Sultan (at 62
• E) it would need to significantly increase its dip north of the line of normal-faulting earthquakes. This geometry is consistent with our interpretation of these earthquakes as representing extension at a hinge in the subducting plate. Since these normal-faulting earthquakes occur within the descending slab, they provide an upper limit on the average dip of the subduction interface between their locations and the trench. We find maximum average dips of ∼11
• in the western Makran, ∼9
• in the central region and ∼8
• in the eastern Makran. The uncertainties in our estimates of the dip of the subduction interface do not allow us to definitively identify lateral variations in the geometry of the subduction interface. However, the slight decrease in our estimates of maximum average dip from west to east is consistent with the volcanic centres in the east being further north than those in the west (Byrne et al. 1992) . The contrast in deep seismicity between the east and west is also unclear. From our profiles ( Fig. 3 ) it might appear that the only earthquakes deeper than 100 km have occurred in the eastern Makran. However, the deep event in the western Makran, mentioned above, which does not lie within the area of our profiles, was suggested by Maggi et al. (2000) to have occurred in the subducting Arabian plate (Fig. 2b at ∼57 E, 29 N). More earthquake observations will be needed in order to resolve any lateral variations.
E L A S T I C S T R A I N A C C U M U L AT I O N O N T H E S U B D U C T I O N I N T E R FA C E
The absence of shallow thrust earthquakes in the western Makran, discussed above, does not necessarily imply that the subduction interface in the western Makran is not locked and accumulating elastic strain. We use published GPS velocities over ∼15 yrs from the Iranian Makran (marked with white squares in Fig. 1 ; Bayer et al. 2006; Masson et al. 2007; Peyret et al. 2009; Walpersdorf et al. 2014; Frohling & Szeliga 2016) , to determine whether the subduction interface in the western Makran might be locked. We also include velocity estimates from two sites in the onshore part of the prism (ANGN and NKSR) which have not previously been published. These sites form part of the Iranian national network of GNSS receivers maintained by the National Cartographic Centre, Tehran and are equipped with Ashtech UZ-12 ICGRS receivers with choke-ring antennae, mounted on concrete pillars. Data were recorded continuously from August 2011 to February 2013 and processed using the GAMIT/GLOBK software, version 10.4 (Herring et al. 2010) . Time-averaged linear velocities for these sites are estimated by applying the GLOBK Kalman filter to the daily solutions.
We apply the backslip technique proposed by Savage (1983) to a planar fault in an elastic half-space and use Okada's (1985) equations to model the surface velocities resulting from different locking depths and subduction-interface positions. We then compare these model predictions with velocities measured by GPS. Subduction zones are not normally locked to depths greater than 40 km, measured vertically from the surface (Tichelaar & Ruff 1993; Hyndman et al. 1997; Lay et al. 2005; Bouchon et al. 2016; Ye et al. 2016) and our profiles in Fig. 3 show that a planar interface is a reasonable assumption at these shallow depths. Frohling & Szeliga (2016) investigated the coupling of the Makran using a similar backslip approach but with a more complex model for the subduction interface. However, as discussed in Section 2, those authors did not apply quality control to the earthquakes used to infer the position and shape of the subduction interface, which is, in any case, poorly constrained. We therefore consider a planar model of the interface to be more appropriate for this modelling. We also use GPS velocities not incorporated into Frohling & Szeliga's (2016) modelling, in order to provide more realistic constraints on the degree of locking on the subduction interface.
The uncertainties in the position and shape of the subduction interface make the choice of model parameters difficult. The overall rate of convergence is also poorly constrained due to the scarcity of GPS stations in the region (Vernant et al. 2004) . Inverse methods are therefore inappropriate for analysing the degree of coupling as the inversions are very underdetermined. Instead, we calculate forward models for end-member combinations of parameters and a selection of intermediate values. The aim of this modelling is to ascertain whether coupling in the western Makran, to a geologically reasonable depth, on an interface consistent with our results from earthquakes and receiver functions, is consistent with the observed GPS velocities, rather than to determine the actual pattern of coupling on the subduction interface, which is not possible with the data which is currently available.
Since we are considering a planar interface, we must specify the average dip of the megathrust. We take 6
• as the minimum dip based on the locations and depths of the shallow thrust earthquakes in Fig. 3(b) , which are likely to have occurred on the subduction interface (Section 2.3). The depths of normal-faulting earthquakes associated with the bending of the Arabian slab, due to the increase in dip of the subduction interface (Section 2.3), provide an upper bound on the average dip of the interface, since they must lie within the subducting slab. There is a trade-off between the estimated maximum dip and the choice of the surface projection of the subduction interface but, by taking the most northerly possible surface projection, we ensure that this approach gives an upper bound on the range of possible dips. We find that the maximum possible average dip in the shallow (<40 km) part of the slab is ∼11
• (see Section 2.3). Although there is no clear bathymetric trench in the Makran, due to the high sediment input (White & Louden 1982; Laane & Chen 1989) , the slope break at the toe of the accretionary wedge is visible in the bathymetry and lies at ∼24
• N (white dashed line, Fig. 1 ). We use this slope break as a proxy for the surface projection of the subduction interface, which we vary between 23.5
• N and 24.5
• N to allow for errors in its location. We allow the locking depth to vary between 0 km, a freely sliding interface, and 40 km, which is the maximum depth to which subduction interfaces are normally locked (Tichelaar & Ruff 1993; Hyndman et al. 1997; Lay et al. 2005; Bouchon et al. 2016; Ye et al. 2016) . The ∼150 km distance between the slope break and the coast means that the GPS data are not sensitive to very shallow variations in locking depth.
The overall convergence rate is varied in our calculations in order to reproduce the observed velocities. The western stations (YEKD, ANGN, RAHM, blue in Fig. 4 ) require a lower overall convergence rate than those to the east (CHAB, NKSR, BAZM, red in Fig. 4 ) in order to match their velocities. This is consistent with the ArabiaEurasia convergence rate increasing from west to east across the region. Additionally, the western stations are near the western edge of the subduction zone, which may account for their lower velocities. To allow for this velocity variation, in our calculations we use two adjoining megathrust planes with the same geometry, but with different rakes (slip directions) and slip rates. Our calculated surface velocities are the result of locking on both these planes. The GPS station GLMT lies at an intermediate longitude, where the parameters of both planes contributes to the surface deformation.
We find that there are multiple parameter combinations that result in reasonable agreement between the observed and synthetic surface velocities. Fig. 4(a) shows an example of one such model in map view, in which the locking depth is 30 km, the dip is 11
• and the convergence rates in the western and eastern regions are 20.4 mm yr −1 and 32.6 mm yr −1 respectively. This model has an RMS misfit of 1.7 mm yr −1 , similar to the resolution of the GPS measurements. Fig. 4(b) shows two profiles through the southwards component of the surface velocities from this model, at 58
• E and 60.5
• E, showing the faster velocities of the more easterly stations. Fig. 4 (b) also shows that the surface velocities which would result from a plate interface sliding freely at the velocity of the northernmost GPS stations (dashed lines) are unable to reproduce the observed velocities near the coastline. While the precise geometry of locking on the interface cannot be resolved with this data set, the decrease in velocities towards the coast does require locking to some depth, or internal deformation within the wedge (e.g. Haghipour et al. 2012) , which is not accounted for in the backslip approach. We cannot distinguish between these possibilities using the GPS data alone, and internal deformation may make a contribution. Haghipour et al. (2012) suggest a shortening rate of 0.8-1.2 mm yr −1 between the coast and ∼26.5
• N in the Iranian Makran, based on 10 Be exposure dating and structural measurements of fluvial terraces. However, this shortening is not enough to account for all of the compression we observe, suggesting that elastic strain accumulation above a locked megathrust does play a role. We are also encouraged in our interpretation by observations in other subduction zones, such as Sumatra, where earthquakes are inferred from the palaeogeodetic record to have occurred historically in regions which GPS measurements suggest are accumulating elastic strain at the present day (Natawidjaja et al. 2004; Chlieh et al. 2008; Konca et al. 2008) .
Our modelling shows that a locked subduction interface in the western Makran is consistent with measured GPS velocities. This corroborates suggestions from observations of tsunami deposits and tsunami modelling (Hoffmann et al. 2015) that the western Makran megathrust may be seismogenic. If the whole along-strike extent of the megathrust were to rupture in single earthquake the subduction zone could be capable of generating an M w 9 earthquake, as proposed by Smith et al. (2013) , which has significant implications for earthquake and tsunami risk around the Arabian Sea.
S O U T H E R N T E R M I N AT I O N O F N -S S T R I K E -S L I P FAU LT I N G I N T H E S I S TA N S U T U R E Z O N E
The compression seen in the GPS data described above plays an important role in the deformation of the Makran, but right-lateral shear, resulting from differential motion between Central Iran and Afghanistan, is also key. How the N-S right-lateral strike-slip faulting in the SSZ (Fig. 1 ) is accommodated at the zone's southern end is a long-standing tectonic problem. Jackson & McKenzie (1984) proposed a solution to this problem involving an Euler pole for the motion of Central Iran relative to Eurasia that is close to the southern end of the SSZ, so that there is very little motion to accommodate between Eurasia and Central Iran in the south. The slip on the faults within the SSZ would then die out towards their southern ends. However, this suggestion is not compatible with recent GPS measurements (Vernant et al. 2004; Walpersdorf et al. 2014) . Alternatively, Byrne et al. (1992) argued that two strike-slip earthquakes on 1979 January 10 (at 61
• E, 26.5
• N on Fig. 2b ) indicate that right-lateral faulting does continue across the prism. However, there is no evidence of significant right-lateral offsets in the geology or geomorphology of the Makran ranges. The total offset of the SSZ is suggested to be at least 70 km, based on offset units in the Neh complex (north of Fig. 1 ; Tirrul et al. 1983; , which would result in visible geological offsets if this motion continued through the accretionary wedge. Additionally, these events, which are the largest of three strike-slip events which have been observed in the central Makran, were M w 5.8 and 5.9, accounting for only a year's worth of strain accumulation at the slip rates proposed for the SSZ (Section 4.2). It is also not known which nodal planes are the fault planes for these two earthquakes. Kukowski et al. (2000) proposed a new plate-boundary strike-slip fault, the Sonne fault, separating the Arabian plate from the Ormara microplate (their Fig. 3) , with morphological expression in the accretionary prism due to high coupling. Lin et al. (2015) suggested that this fault might be a continuation of the SSZ. However, the proposed Sonne fault, the existence of which is in any case unclear since it is not observed to offset structures in the forearc in seismic reflection surveys , is suggested to be left-lateral , whereas the SSZ is right-lateral. How the right-lateral shear across the SSZ is accommodated at the zone's southern end is thus an open question, to which we discuss three possible solutions. In the following discussion we consider a range of rates of right-lateral shear across the SSZ of 5-15 mm yr −1 . The present day rate of shear is 5.6 ± 0.6 mm yr −1 (Walpersdorf et al. 2014 ), but we use a high upper bound to allow for uncertainty in the long-term rate. One possibility is that the right-lateral faults terminate in thrusts with decreasing slip towards their ends (Fig. 5a ), similar to those observed in Mongolia (Bayasgalan et al. 1999a) . Strike-slip faults terminate in thrust faults at the northern end of the SSZ and these thrusts can move in earthquakes, either concurrently with strikeslip motion, for example, the 1997 Zirkuh earthquake (Berberian et al. 1999) , or in dominantly thrust earthquakes, for example, the 1994 Sefidabeh earthquakes (Berberian et al. 2000) . The assumption that the faults of the SSZ terminate in thrusts is implicit in much of the literature (e.g. Haghipour & Burg 2014) but its kinematic implications have not been fully considered in previous studies.
A second possibility is that the right-lateral N-S shear, accommodated by the faults of the SSZ, is transferred onto left-lateral E-W striking faults in the Makran accretionary prism (Fig. 5b) . Left-lateral E-W striking faults can accommodate right-lateral N-S shear by rotating clockwise about vertical axes (e.g. McKenzie & Jackson 1986 ). Such vertical-axis rotations accommodate some of the right-lateral shear at the northern end of the SSZ, for example on the Dasht-e-Bayaz fault , and have been reported at the western margin of the Makran (Penney et al. 2015) .
A final possibility is that the right-lateral motion of the SSZ is transferred onto the faults of the Minab-Zendan-Palami (MZP) fault zone ( Fig. 1) and nearby strike-slip faults (Penney et al. 2015) , which, combined, accommodate ∼17 mm yr −1 of right-lateral shear (Peyret et al. 2009 ). Geometrically, this scenario requires the Jaz Murian depression to be bounded by normal faults (Fig. 5c) . We consider each of these three possibilities in turn.
Thrust faulting
For the faults of the SSZ to terminate in thrusts (Fig. 5a) , the northern part of the Makran prism, immediately south of the Mashkel depression (Fig. 1) , would need to accommodate shortening. Recently published GPS velocities from Frohling & Szeliga (2016) show a difference of 2 mm yr −1 in southwards velocities relative to Arabia between DALN and PANG at 28.89 • N and 26.98
• N (Fig. 1 ). This velocity difference is within the stations' formal combined error. Any shortening is therefore small relative to the combined slip rate of the faults in the SSZ (5-15 mm yr −1 , e.g. Walpersdorf et al. 2014; . Additionally, no shallow thrust earthquakes have been recorded along the southern margin of the Mashkel depression from 1945-2013 (Figs 2a and b) . Taken alone this would be insufficient to rule out the possibility of shortening across the back of the prism as the repeat times of earthquakes might be longer than our records. However, the absence of thrust earthquakes is consistent with the lack of shortening seen in the GPS data, suggesting that this method of termination of the strike-slip motion in the SSZ is unlikely.
Vertical-axis rotations
A velocity field equivalent to right-lateral shear can be accommodated by left-lateral motion on perpendicularly oriented planes, combined with clockwise rotation about vertical axes (e.g. Freund 1970; McKenzie & Jackson 1986; Nur et al. 1986 ). The rightlateral shear on the N-S striking faults of the SSZ could thus be transferred on to E-W striking left-lateral faults in the Makran accretionary prism (Fig. 5b) . Since the trends of folds in the prism Regard et al. 2005; Walpersdorf et al. 2006; Peyret et al. 2009; Walker et al. 2010; Walpersdorf et al. 2014) . Right: relationship to topography -red lines are faults as in Fig. 1 .
are E-W we would not necessarily expect to easily observe large geological offsets as a result of such faulting. Tirrul et al. (1983) used offset units within the Neh complex (north of Fig. 1 ) to suggest at least 60 km of cumulative motion on the Neh fault system, one of the systems of N-S striking, rightlateral faults within the SSZ, since the Pliocene (∼5 Ma, see also Tirrul et al. 1980) . found that the cumulative offset across the SSZ, combining offsets across the multiple active faults, is at least 70 km over the same time period. suggested that the cumulative offset may be as much as 105 km, if the right-lateral faults have been slipping at 15 mm yr −1 over the last 7 Ma, an upper bound on both the current slip rate (Vernant et al. 2004 ) and the duration of the current faulting configuration (Allen et al. 2004) . These offset estimates give a long-term slip rate on the SSZ of 10-21 mm yr −1 . The present-day GPS slip rate is 5.6 ± 0.6 mm yr −1 across all of the faults in the SSZ (Walpersdorf et al. 2014 , referred to collectively by those authors as the 'East Lut' fault). discussed the problem of reconciling these rates, and the uncertainties in the long term slip rates due to uncertainty about the duration of the current configuration of faulting. The lower short term rate may indicate that the proposed long term slip rates are overestimates, or that the rate of motion has changed. To reflect this uncertainty, in the following calculations we have used total slip rates on the faults in the SSZ of 5-15 mm yr −1 and cumulative offsets of 70-105 km, in order to encompass the full range of possibilities.
Here we quantify the amount of rotation which would be required in the Makran to accommodate the offset on the strike-slip faults in the SSZ, and relate this to seismological and structural observations. Using the geometry shown in Fig. D1 , we calculate the slip rate required on left-lateral faults bounding blocks of given length and width in order to accommodate a particular total slip rate on Figure 6 . Slip rates required on E-W striking left-lateral faults bounding blocks of given length and width in order to accommodate a particular slip rate on the N-S striking right-lateral faults in the SSZ. The assumed slip rate on these right-lateral faults is given at the top of each plot. Note that the colour scale for the slip rate is different for each plot.
the N-S strike-slip faults in the SSZ. The results of this calculation are shown in Fig. 6 . We then use the calculated slip rates on these left-lateral faults to estimate the seismic moment accumulated per year. This requires us to assume a down-dip fault extent, which we take as 20 km (Fig. 3) . Although the fault length appears in the expression for seismic moment, Appendix D1 shows that, since the fault length is much greater than the time-averaged annual slip, the seismic moment is independent of fault length to first order. We find that the accumulated moment, at the 10 mm yr −1 slip rate suggested by , is 1.5× 10 18 Nm yr −1 . This moment is equivalent to an M w 7 earthquake every 21 yr or an M w 8 every 670 yr, and is independent of block width (Appendix D1). Even for the lower, GPS-derived slip rate of ∼5 mm yr −1 the accumulated moment is 9× 10 17 Nm yr −1 , equivalent to an M w 7 earthquake every 34 yr. The M w 5.8 and 5.9 earthquakes described by Byrne et al. (1992) are the largest examples of strike-slip faulting near the centre of the onshore prism, equivalent to less than a year's worth of moment accumulation for a cumulative slip rate on the faults in the SSZ of 10 mm yr −1 , or less than two years' worth for a rate of 5 mm yr −1 . However, a lack of observed left-lateral strike-slip earthquakes does not necessarily imply that such earthquakes do not occur, since the repeat time of such earthquakes may be longer than the time covered by our records.
Next, we consider the total angle through which blocks bounded by left-lateral faults would need to rotate in order to accommodate a cumulative, right-lateral offset of 70-105 km on the N-S strike-slip faults in the SSZ. The results are shown in Fig. 7(a) . We use the same geometry (Fig. D1) as above but replace the slip rate on the strike-slip faults in the SSZ with the cumulative right-lateral offset across the zone. We find that the minimum angle through which the left-lateral faults would need to have rotated is ∼20
• . Such rotation should be visible as a variation in the trends of structures across the central part of the onshore prism, and in palaeomagnetic studies. Conrad et al. (1981) found that magnetization directions of recent volcanics (less than 10 Myr) are close to the present-day magnetic field, suggesting that no significant rotation has occurred in the last 10 Myr. Fig. 7(b) shows a map of structural trends in the Makran. There is a deviation of the structural trends in the west of the subduction zone, in the region where vertical-axis rotations have previously been reported (white-shaded area in Fig. 1 ; Penney et al. 2015) , but further east there is no systematic variation in structural trends across the central Makran region. This observation, combined with our calculations, suggests that right-lateral shear at the southern end of the SSZ is not accommodated by vertical-axis rotations within the Makran accretionary prism.
The Jaz Murian depression as an extensional basin
The right-lateral shear across the SSZ could be transferred to the right-lateral shear zone at the western edge of the Makran accretionary prism, marked 'WM' in Fig. 5(c) . This geometry is similar to that of a releasing bend, requiring the Jaz Murian depression to be bounded by extensional faults.
We first consider how such a transfer of motion would work kinematically, by looking at the slip rates of the fault systems in the region. We then examine the geomorphology and geology of the basin to determine whether the Jaz Murian depression is bounded by active faults and, if so, what the sense of motion on these faults is. Finally, we use our results from Section 3 regarding the degree of coupling on the subduction interface in the western Makran in order to discuss whether the measured GPS velocities are consistent with this kinematic model.
Slip rates
For the transfer of motion across the Jaz Murian to be kinematically plausible, the rate of right-lateral shear across the western Makran must be sufficient to accommodate the right-lateral motion on the Sabzevaran-Jiroft fault system to the north (S-J in Fig. 5c ), shortening across the southeastern Zagros, and the right-lateral shear across the faults of the SSZ.
The present-day slip rate on the Sabzevaran-Jiroft fault system, at the western boundary of the Jaz Murian depression (Fig. 5c) , has been estimated from GPS measurements to be 7 ± 2 mm yr −1 (Peyret et al. 2009 ). Walpersdorf et al. (2014) found a rate of 2.3 ± 2.4 mm yr −1 across only the Sabzevaran fault, but their result is probably an underestimate as the GPS stations used to assess the rate lie within the region likely to be affected by elastic deformation due to fault locking. The Quaternary slip rate across these faults has been found to be 5.7 ± 1.7 mm yr −1 (Regard et al. 2005) , which is consistent with the GPS estimates. To the north the Sabzevaran-Jiroft faults connect with the Gowk-Nayband fault system (G-N in Fig. 5c ). The southernmost fault in this system is the Gowk fault, which has comparable GPS and Holocene slip rates of 4.2 ± 0.7 mm yr −1 (Walpersdorf et al. 2014) and 3.8 ± 0.7 mm yr −1 (Walker et al. 2010) . These rates are within error of those for the Sabzevaran-Jiroft system, but are slightly lower, allowing for the possibility of slow extension across the northern margin of the Jaz Murian depression. The rate of shortening across the southeastern Zagros is 8 ± 2 mm yr −1 (Walpersdorf et al. 2006) . The best estimate of the present-day rate of shear across the faults in the SSZ is 5.6 ± 0.6 mm yr −1 (Walpersdorf et al. 2014) .
GPS velocities at the western edge of the Makran show ∼17 mm yr −1 right-lateral shear between 56.7
• E and 58.4
• E (whiteshaded area in Fig. 1 ; Peyret et al. 2009 ). This is accommodated by both the N-S striking faults of the Minab-Zendan-Palami fault zone (e.g. Bayer et al. 2006, MZP in Fig. 1 ) and left-lateral E-W striking faults to the east (Penney et al. 2015) , which rotate clockwise about vertical axes. The total motion from shortening in the Zagros, right-lateral faults to the north in the Sabzevaran-Jiroft fault system, and the faults of the SSZ is ∼18 mm yr −1 , so the rate of right-lateral shear in the western Makran is sufficient to take up that motion. The agreement between these rates suggests that it is probable that the right-lateral shear across the SSZ is transferred to the western Makran by normal faulting at the boundaries of the Jaz Murian depression.
Geomorphology
We use a combination of SPOT (from Google Earth), Landsat and ASTER imagery, and SRTM topography, to look at the geomorphology of the Jaz Murian depression. The strike-slip faults at the western edge of the depression have very clear surface expressions (e.g. Morgan et al. 1979; Regard et al. 2005; Meyer & Le Dortz 2007) . We concentrate on the northern and southern boundaries of the basin. A first-order feature of the depression morphology is its sharply defined edges, with large topographic contrasts which have long, linear sections (Fig. 8a) . These are particularly clear on the southern edge of the basin (Figs 8a-d) and are indicative of dip-slip faulting. The faceted topography of the basin edges is also a common feature of fault-controlled range fronts. Some of the alluvial fans at the edges of the depression show breaks in slope which we interpret as scarps (e.g. Fig. 8c ). It is common to see migration of fault activity away from the range front (e.g. Avouac et al. 1993; Bayasgalan et al. 1999b ) and these scarps may be evidence of such migration, or of secondary faults adjacent to the main structure (e.g. Goldsworthy & Jackson 2001) . There is, therefore, convincing evidence for the Jaz Murian depression being bounded by active dip-slip faults.
We now consider the sense of motion on these bounding faults. Thrust faults are very common in Iran and often have a clear geomorphological expression, even where they do not reach the surface or their scarps are not preserved (e.g. Berberian 1981 ). In particular, anticlines in alluvium are often diagnostic of thrust-faulting, and were seen to move in the Tabas and Sefidabeh earthquakes (e.g. Berberian et al. 2000; Walker et al. 2003) . We do not see any evidence of such folding around the edges of the Jaz Murian depression. We see nothing in the geomorphology that is diagnostic of a particular sense of slip, although the lack of folding may be suggestive of normal faulting. Dolati (2010) and Haghipour et al. (2012) suggested that a series of normal faults run along the southeastern edge of the depression, based on structural mapping of serpentinites. The locations of these faults are consistent with our geomorphological observations of dip-slip faulting on the southern boundary of the Jaz Murian depression, and the faults are 10-20 km long so, if active, would break the entire seismogenic layer and be important for the regional tectonics. However, Dolati (2010) was not able to establish the timing of activity on these faults and it is therefore not clear whether the active deformation is also normal faulting.
Temporal strain variations
No shallow earthquakes with m b > 4.0 have been reported on the northern or southern margins of the Jaz Murian depression between 1945 and 2013 (Fig. 2b) , suggesting that if shallow extensional earthquakes occur they are likely to have a repeat time longer than our records. GPS velocities over the last 15 yr show compression across the Jaz Murian depression (Peyret et al. 2009; Walpersdorf et al. 2014) . However, this compression may be due to elastic strain accumulation above a locked megathrust. Whether this is the case depends on the degree of coupling on the subduction interface in the western Makran, which was discussed in Section 3. Recent studies in other subduction zones have reported time-varying strain in the overriding plate, linked to the megathrust earthquake cycle (e.g. Loveless et al. 2010; Arriagada et al. 2011; Aron et al. 2013; Baker et al. 2013; Scott et al. 2016) . In the megathrust's interseismic period the overriding plate is in a compressional stress regime so normal-faulting earthquakes are suppressed and GPS signals indicate shortening. Immediately after a megathrust earthquake (perhaps even during the coseismic period; Hicks & Rietbrock 2015) compressive stresses in the overriding plate are reduced and normalfaulting earthquakes can occur. This temporal variation in the style of earthquakes has been observed extensively in Chile (e.g. Farías et al. 2011) and in Japan (e.g. Asano et al. 2011; McKenzie & Jackson 2012) . Although the permanent extension associated with individual episodes of normal-faulting is small (Baker et al. 2013) , over many earthquake cycles significant deformation could be accumulated. Such time-dependent deformation of the overriding plate requires the megathrust to be locked, accumulating elastic strain, and to move in earthquakes, rather than sliding continuously.
In Section 3 we showed that GPS data in the western Makran are consistent with the megathrust being locked. The absence of normalfaulting earthquakes on the bounding faults of the Jaz Murian depression, and the present-day compression seen in the GPS velocities, may, therefore, be due to compressive stresses and elastic strain accumulation in the overriding plate above a locked megathrust interface. This conclusion would be confirmed by the observation of normal-faulting earthquakes after an earthquake on the western Makran megathrust.
We conclude that it is likely that the Jaz Murian depression is bounded by E-W striking dip-slip faults, which are probably extensional. This normal-fault bounded basin may allow the right-lateral motion of the SSZ to be transferred on to the faults of the MZP and adjacent strike-slip faults as shown Fig. 5(c) . Unlike vertical-axis rotations or thrusting at the back of the accretionary prism, such a transfer of motion provides a geologically plausible mechanism to transmit the right-lateral motion on the SSZ to the subduction zone, which is consistent with the present-day motions. This mechanism is viable because compression in the GPS velocities across the boundaries of the Jaz Murian depression may be due to locking on the subduction interface.
DY N A M I C S O F T H E D E F O R M AT I O N
The dynamics of accretionary prisms are controlled by the rheology of the prism material, basal shear stress, compressive stress on the back of the prism, and gravity (Dahlen et al. 1984) . In the initial phase of prism growth, basal and compressive stresses dominate and the prism thickens, supported by shear stress on the megathrust at its base. Thrusts form perpendicular to the maximum compression direction (e.g. Davis et al. 1983) , which in the Makran is approximately N-S, forming E-W trending folds and thrust faults (e.g. Harms et al. 1982) . Once the gravitational potential energy due to the growth of topography reaches the maximum shear stress that can be supported on the megathrust, the topographic elevation can no longer increase and the range instead grows laterally by outwards migration of the thrust front (e.g. Molnar & Lyon-Caen 1988) . The gravitational forces then balance the compressive stresses and the topography develops a wide, flat top, such as is seen in the Tibetan Plateau (e.g. Houseman & England 1986 ). Thrust structures which have been active during shortening and topographic growth may then become inactive, or be reactivated as strike-slip or normal faults.
In map view the shallow earthquakes in the Makran show clear spatial variations in the style of strain (Fig. 2a) . Shallow thrust earthquakes (blue in Fig. 2a ) occur offshore or near the coast, and most onshore earthquakes are strike-slip (red in Fig. 2a) . Three strike-slip earthquakes, and an isolated thrust event, are the only examples of shallow (<15 km) seismic deformation in the central part of the onshore accretionary prism. The majority of the strikeslip earthquakes are concentrated at the lateral edges of the prism. This distribution of strain, and specifically the recent strike-slip earthquakes in the onshore Makran (e.g. Avouac et al. 2014; Penney et al. 2015) , imply that the top of the Makran accretionary prism is no longer thickening. Additionally, the topography of the prism shows a flat top (see Fig. 3 ), indicating that a balance may have been reached between gravitational potential energy contrasts and the shear stresses on the megathrust. In this case, we can estimate the mean shear stress on the megathrust using the method of Lamb (2006) . We will first discuss the deformation of the onshore part of the wedge and then the material properties of the megathrust.
Strike-slip faulting on the wedge top
The September 2013 M w 7.7 Balochistan earthquake occurred on the Hoshab fault ( Fig. 1; Fig. 9 ) at the eastern end of the Makran accretionary prism. The Hoshab fault is curved, and the sense of motion was left-lateral strike-slip along the entire 200 km rupture length (e.g. Avouac et al. 2014) . This earthquake has been extensively studied (e.g. Avouac et al. 2014; Barnhart et al. 2014a; Jolivet et al. 2014) , both because of its clear surface ruptures (e.g. Vallage et al. 2015) and its unusual geometry (e.g. Zhou et al. 2015) . We do not address the complexities of the rupture dynamics here, but consider the earthquake's role in the regional deformation and its implications for the dynamics of the accretionary prism. Avouac et al. (2014) proposed that the southern part of the Makran accretionary prism is being extruded to the east, such that strike-slip motion on the Hoshab fault is kinematically favourable. However, GPS velocities south of the Hoshab fault do not show eastwards extrusion of the prism (Fig. 9b ). The velocity field shows N-S compression of ∼10 mm yr −1 across the region of the fault ( Fig. 9 ; Frohling & Szeliga 2016). Barnhart et al. (2014b) proposed 'balland-socket' rotations, whereby the regions north and south of the Hoshab fault rotate relative to each other about a pole in central Afghanistan. However, Barnhart et al. (2015) pointed out that such rotations cannot accommodate the shortening observed in the GPS, and appeal to alternating earthquake styles on the Hoshab fault, with a mixture of thrust and strike-slip events. From detailed comparison of the offsets resulting from the 2013 earthquake with other Quaternary offsets visible along the Hoshab fault, Zhou et al. (2015) found the Balochistan earthquake to be typical of Quaternary events on the Hoshab fault, making alternating earthquake styles unlikely. NE-SW left-lateral faulting, such as that observed in the Balochistan earthquake, can accommodate N-S compression if the faultbounded blocks rotate about vertical axes ( Fig. 9a ; McKenzie & Jackson 1983; Campbell et al. 2013) . Unlike the vertical-axis rotations described in Section 4.2, which accommodate simple shear of horizontal planes, the configuration shown in Fig. 9(a) accommodates pure shear. Using the geometry shown in Fig. D2 , we find Lawrence et al. (1981) . The trace of surface ruptures on the Hoshab fault from Avouac et al. (2014) is shown in red. Black arrows show GPS velocities relative to stable Arabia with 95 per cent confidence ellipses (Frohling & Szeliga 2016) . The velocity difference between PANG, to the north, and BEDI and ZHAO, to the south, shows only shortening, with no eastwards extrusion of the southern part of the prism. that a rotation rate of 2.4
• Myr −1 would allow the Hoshab fault, and other nearby structures, to accommodate the regional shortening by strike-slip faulting, without requiring that the sense of slip changes between earthquakes. The E-W extension resulting from these rotations is very small, which is in better agreement with the almost purely N-S velocity field (Fig. 9b) than the extrusion model of Avouac et al. (2014) . Our kinematic model is, therefore, consistent with both the GPS and the geometry of the Balochistan earthquake, in contrast to models proposed by earlier authors (Avouac et al. 2014; Barnhart et al. 2014b Barnhart et al. , 2015 . There is, however, an outstanding question as to why shortening is not accommodated by thrusting, since the southern end of the Hoshab fault is optimally oriented to accommodate N-S compression by thrusting and topographic growth, as it strikes E-W and dips 50-70
• (Avouac et al. 2014) . The alternative kinematic style we observe, in which N-S compression is accommodated by strike-slip faulting and rotation, suggests that the Hoshab fault, and similar sub-parallel structures, acted as thrusts in the early period of prism growth, when compressive stresses dominated, and have been reactivated as strikeslip faults, now that the gravitational potential energy of the wedge has reached the maximum that can be supported by shear stresses on the megathrust.
The M w 6.1 2013 Minab earthquake, which occurred in the western Makran, was a left-lateral strike-slip event on a fault aligned approximately perpendicular to the regional compression direction (Penney et al. 2015) . A series of similar faults accommodate N-S right-lateral simple shear in the velocity field by rotating clockwise about vertical axes, and are thought to be reactivated thrust faults which have been steepened during prism growth. The adjacent faults of the MZP accommodate part of the shear by simple right-lateral motion on N-S planes. It is likely that this contrast in kinematic styles is due to reactivation of pre-existing E-W trending structures in the region of the Minab earthquake. This suggests that there has also been a change in strain regime through time in the western Makran, as well as in the eastern Makran.
Fault reactivation in a new strain regime, seen in both the Minab and Balochistan earthquakes, supports our conclusion that the gravitational potential energy of the wedge and the shear stresses on the megathrust are now in balance in the Makran prism, such that the wedge has reached a limiting upper elevation, and now grows by outwards migration of the thrust front.
Megathrust shear stress
The balance between gravitational potential energy contrasts and megathrust shear stresses in the Makran allows us to use the method of Lamb (2006) to calculate the mean shear stress required on the Makran megathrust to support the elevation contrast we observe between the bathymetric trench and the top of the prism. These calculations assume that the mean horizontal and vertical normal stresses within the prism are equal; equivalent to the balance between gravitational and far-field compressive forces discussed above. The geometry for our calculations is shown in Fig. 10(a) . We will refer to the overriding plate material in this model as the subduction wedge, after Lamb (2006) . The total force exerted on the wedge, per unit length along strike, depends on the density structure of this subduction wedge and its thickness. We assume a constant crustal density, ρ c , of 2860 kg m −3 to a depth of 40 km (d in Fig. 10a ), which Maggi et al. (2000) and Manaman et al. (2011) suggest as the Moho depth in the Makran. For greater depths we use a constant mantle density, ρ m , of 3300 kg m −3 . Lamb (2006) suggests that the volcanic arc should be considered as the back of the subduction wedge, so we consider total wedge thicknesses, L, between 40 and 80 km, consistent with the range of subduction interface depths inferred in Section 2.3. The mean elevation contrast between the bathymetric slope break, which we use as a proxy for the surface projection of the megathrust, and the back of the subduction wedge is ∼5 km, which we take as 'h' in Fig. 10(a) . We assume that the topographic contrast is covered by water with a density of 1000 kg m −3 (Fig. 10a ). As discussed in Sections 2.3 and 3, the mean dip of the Arabian slab is poorly constrained. Since the volcanic arc lies slightly north of the increase in dip of the subduction interface that we infer from 1814 C. Penney et al. our earthquake profiles (Figs 2b and 3) we allow for steeper average dips than in our locking calculations, and use a range of dips from 4
• to 15
• . Figs 10(b) and (c) show the average shear stress and effective coefficient of friction (ratio of shear stress to normal stress) as a function of subduction wedge thickness, L, and mean dip angle, θ, calculated using the expressions of Lamb (2006) . We estimate the mean shear stress on the interface to be between ∼5 and 35 MPa, and the effective coefficient of friction to be ∼0.01-0.03. These values of shear stress are consistent with those reported in other subduction zones (e.g. Von Herzen et al. 2001; Lamb 2006; Duarte et al. 2015) . This suggests that neither the large sediment thickness of the Makran, which has been proposed to lubricate the plate interface through sediment underplating (e.g. Bayer et al. 2006) , nor the low dip of the subduction interface, affect the mean shear stress on the megathrust.
C O N C L U S I O N S
A compilation of earthquakes with well-constrained depths and mechanisms allows us to place constraints on the position and shape of the subduction interface in the Makran subduction zone. GPS, geomorphology and structural analysis demonstrate that the N-S right-lateral shear across the SSZ is not accommodated either by thrusts or by rotating left-lateral faults at the zone's southern end. Instead, the motion may be transferred on to the right-lateral shear zone at the western end of the Makran accretionary prism. The megathrust in the western Makran may be locked and capable of producing large earthquakes, possibly with associated tsunamis. After such an earthquake we might expect normal-faulting earthquakes on the faults bounding the Jaz Murian depression.
There is strong evidence, from the Balochistan and Minab earthquakes, for a change from thrust to strike-slip faulting in the Makran accretionary prism at some point in the prism's history, suggesting that the gravitational potential energy of the prism has reached the maximum that can be supported by the shear stress on the megathrust. The mean shear stress (5-35 MPa) and effective coefficient of friction (0.01-0.03) are of similar magnitude to those in other subduction zones, despite the large sediment thicknesses on the subducting plate and the low dip angle of the subduction interface.
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A P P E N D I X A : E A RT H Q UA K E C O M P I L AT I O N

A P P E N D I X B : B O DY-WAV E F O R M M O D E L L I N G
This appendix shows our minimum misfit earthquake solutions from body-waveform modelling. We use Zwick et al.'s (1994) MT5 implementation of the method proposed by McCaffrey & Abers (1988) and McCaffrey et al. (1991) . We use teleseismic (30 • -90
• epicentral distance) P and SH arrivals at GDSN stations downloaded from the IRIS DMC. These are deconvolved from their original instrument response and reconvolved with a WWSSN Long Period (15-100) response. Earthquakes are modelled as double-couple point sources and we invert direct waves and their associated depth phases for centroid depth, source geometry (strike, dip and rake), seismic moment and source-time function. The arrivals are manually picked from the broad-band seismogram where possible. The details of this technique have been described extensively elsewhere (e.g. Taymaz 1990; Maggi et al. 2000) so will not be repeated here. A realistic velocity model for this region is likely to be highly complex but, since the velocity structure is not well-constrained, we adopt a simplified velocity model. For the 2017 February 17 event we use a single layer velocity model with Vp 6.5 km s −1 , Vs 3.7 km s −1 and density 2800 kg m −3 . Four of the earthquakes for which we present solutions had catalogue depths significantly deeper than 40 km, which is the Moho depth reported in this region (Maggi et al. 2000; Manaman et al. 2011) . For these events we use a two-layer velocity model; a 40 km upper layer with Vp 6.5 km s and density 3300 kg m −3 . The other two events have EHB depths of ∼40 km, making the choice of velocity model problematic. We try the two-layer velocity model described above in both cases but find that a simpler single layer model with Vp 6.5 km s −1 , Vs 3.7 km s −1
and density 2800 kg m −3 is sufficient to provide a good fit to the data.
A P P E N D I X C : R E C E I V E R F U N C T I O N S
We use seismograms from broad-band seismometers at Chabahar and Turbat (CHBR and TURB in Fig. 1 ) to determine receiver functions and combine these with surface waves to find the velocity structure beneath these sites (Section 2.3, Figs 3a and b) . This method has been used extensively by other authors (e.g. Julià et al. 2003; Dugda et al. 2007; Priestley et al. 2008) and is described in detailed in Julià et al. (2000) . Radial receiver functions are waveforms created by deconvolving the vertical component of the seismogram from the radial component to isolate the effect of the velocity structure at the receiver site from the other information in the teleseismic P-wave coda. The resulting radialcomponent time series corresponds closely to the impulse response of the Earth structure beneath the seismograph site (Langston 1979) . Teleseismic receiver functions from earthquakes in the 30
• -90
• distance range recorded at these sites were determined using the iterative deconvolution method of Ligorría & Ammon (1999) and stacked in narrow backazimuth bins. The receiver functions from both sites show a strong, positive conversion, marked Ps in Fig. C1 , at about 4 s which probably corresponds to the top of the subducting Arabian slab. P-wave receiver functions are sensitive to the shear wave velocity (Vs). The delay time between the direct P arrival and the Ps conversion in the receiver function depends on the depth to the interface and the average wave speed of the overlying layer, creating a trade-off which means that neither the layer thickness nor the average wave speed of the layer can be uniquely determined through using only receiver-function analysis. To minimize this trade-off, we simultaneously model the P-wave receiver functions and 10-70 s period fundamental-mode Rayleigh-wave group velocities. We interpolated the group velocity maps of Acton et al. (2010) to obtain a site-specific dispersion curve. By modelling both data sets simultaneously we can place strong constraints on the velocity structure because the surface-wave dispersion is sensitive to the absolute velocity but less so to the layer thickness, whereas the receiver functions are sensitive to discontinuities in velocity but less so to absolute wave speed Julià et al. (2000) . The dispersion constrains the average layer wave speed and thickness over a broader region around the site, and the receiver functions superimpose short wavelength details.
The starting Earth model in the receiver function-surface wave inversion is based on AK135 (Kennett et al. 1995) and parametrized as a stack of 2 km thick layers, except near the surface where 1 kmthick layers provide additional freedom in the inversion to fit any strong near-surface gradients. To minimize bias in the inversion result from an a priori choice of interface depth, we replaced the AK135 crustal wave speeds with the AK135 uppermost-mantle wave speeds so there is no a priori crustal structure in the starting inversion model. Perturbing the wave speed structure in the starting model by ±0.2 km s −1 has a negligible effect on the inverted structure. By making forward tests on the interface depth and we find that the depth of the sediment-basement interface is constrained to ±2 km. Nm. The source-time function is unusually long for an earthquake of this size, suggesting that this may have been a double event. However, the misfit between the synthetic and observed seismograms is low so any second event is likely to have had a similar focal mechanism. The top panel shows the P-wave focal mechanism and P-wave arrivals (plotted with twice the magnification of SH-wave arrivals), the bottom panel shows the SH-wave focal mechanism and SH-wave arrivals. Solid lines are recorded seismograms, dashed lines are the synthetics corresponding to the minimum misfit model. The timescale for the seismograms is shown in the bottom right of the top panel, beneath the source-time function. Each station is labelled with a letter which is then plotted on the focal sphere to show the station's location. Stations marked with an asterisk were not included in the inversion. The tension axis is plotted on the focal sphere as an open circle, the pressure axis as a filled circle. Fig. 1 ), binned by backazimuth. The strong, positive conversion, labelled Ps, at ∼4 s at both sites is likely to correspond to the top of the subducting Arabian plate.
A P P E N D I X D : B L O C K RO TAT I O N S D1 Vertical-axis rotations
For a series of blocks of length L and width W to accommodate an amount of right-lateral shear, y, they must rotate through an angle θ (Fig. D1) , given by
The amount of left-lateral slip on each block-bounding fault, q, is then q = W tan(θ ).
Although there is no time-dependence in these equations, if y is Figure D1 . Geometry of vertical-axis rotations accommodating simple shear on horizontal planes. L and W are the block dimensions, q is the amount of slip on the fault between the blocks (if the blocks start aligned), y is the amount of right-lateral shear accommodated and θ is the angle of the blocks anticlockwise from East.
taken as the per year right-lateral slip then the seismic moment accumulated per year will be
where μ is the shear modulus of the rock, taken here as 3 × 10 10 N m −2 and D is the downdip width of the fault plane. Substituting eqs (D1) and (D2) into eq. (D3) we find
that is, to first order the seismic moment is independent of y L
, which is small since L y.
By considering the number of blocks of given W which can fit between 27
• N and the coast, and multiplying the moment accumulated on each fault by the number of blocks, we can estimate the moment accumulated per year across the whole system for a given y. With a distance to the coast λ, the total moment is: μDyλ 1 − y L 2 which, to first order, is independent of both length and width as discussed in Section 4.2. Fig. D2 shows the detailed geometry of the Hoshab fault's kinematics, described in Section 5.1. Since the 2013 Balochistan earthquake on this fault had a thrust component, we use a reduced value of S, the shortening, such that the total shortening accommodated by thrust faulting and the mechanism shown in this diagram is equal to the GPS shortening rate across the fault (∼10 mm yr −1 ). 
D2 Pure shear block rotations
